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A high-resolution x-ray crystal spectrometer has recently been installed at the National Spherical
Torus Experiment to record the satellite spectra of helium-like argon, ArXVIl, in the wavelength
range from 3.94 to 4.00 A for measurements of ion and electron temperatures, and measurements of
the ionization equilibrium of argon, which is of interest for studies of ion transport. The instrument
presently consists of a spherically bent quartz crystal and a conventional one-dimensional
position-sensitive multiwire proportional counter, but it will soon be upgraded to a new type of x-ray
imaging crystal spectrometer by the installation of a large size (298@tm) two-dimensional
position-sensitive detector that will allow us to obtain temporally and spatially resolved spectra from

a 80 cm high cross-section of the plasma. In its present configuration, the spectrometer has been
optimized for high throughput so that it is possible to record spectra with small statistical errors with

a time resolution of 10 ms by adding only small, nonperturbing amounts of argon to the plasma. The
spectrometer is most valuable for measurements of the ion temperature in the absence of a neutral
beam in ohmically heated and rf heated discharges, when charge exchange recombination
spectroscopy does not function. Electron temperature measurements from the satellite-to-resonance
line ratios have been important for a quantitative comparison ¢aitd verification ofthe Thomson
scattering data. The paper will describe the instrumental details of the present and future
spectrometer configurations and present recent experimental resulZ00®American Institute of
Physics. [DOI: 10.1063/1.1535242

I. INTRODUCTION NSTX since 2000. This instrument has provided ion and
electron temperature data for discharges with pure ohmic
In a previous paperwe proposed a new type of x-ray heating as well as discharges with auxiliary rf and neutral-
imaging crystal spectrometer for the diagnosis of tokamakyeam heating, from a singteentralline of sight through the
plasmas. This spectrometer consists of a spherically beMlasma. It is now planned to upgrade this cpemeter to an
crystal and a large area two-dimensior@D) position-  x-ray imaging crystal spectrometer. The experimental data
sensitive detector and it can provide both space and timgbtained so far have validated the use of a spherically bent
resolved spectra from highly charged ions, such as ArXVll.crystal and have been most valuable for estimates of the
These spectral data can be used for measurements of radigtoughput and time resolution for the upgraded system. This
profiles of the ion and electron temperatures, the plasma rgyaper will describe the instrumental details of the present and
tation velocity and the radial ion charge-state diStribUtiOﬂ.future spectrometer Conﬁgurations and present recent experi-
The proposed spectrometer may be of particular interest fofental results.
measurements of the ion temperature profile in future, large
tokamaks, such as ITER, where the presently used methods
of neutral charge-exchange recombination spectroscopy will: INSTRUMENTAL CHARACTERISTICS

encounter difficulties due to the fact that the penetration of 1o spectrometer, which is presently operating at NSTX,
neutral beams into the plasma will be substantially reducedg equipped with a spherically bent 110-quartz crystal
A prototype of this x-ray imaging crystal spectrometer will (2d-spacing=4.913 A) and a conventional 1D multiwire
now bezbuilt at the National Spherical Torus EXperimemproportional counter from the former TFTR x-ray crystal
(NSTX)'_ . , spectrometer$? The crystal is a circular disc with a diam-

A high resolution x-ray crystal spectrometer with a gier of 100 mm. It has a radius of curvature of 3750 mm and
spherically bent crystal and a conventional one-dimensiong},,¢ spherically bent by a contact mount to a telescope
(1D) multiwire proportional counter is already operating at mirror® The spectrometer has been installed at the end of the
NSTX pump ductseeFig. 1, and records spectra of helium-
¥Electronic mail: mbitter@pppl.gov like argon, ArXVIl, in the wavelength range from 3.94 to
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X-Ray Tube

FIG. 1. (Color) Experimental arrangement of the x-ray crystal spectrometer at NSTX.

4.02 A, which includes the resonance linav mm, respectively. Each spectral line is therefore emitted
1s215,—1s2p 1P, at 3.9494 A and the forbidden line  from a plasma volume of the same size, so that measure-
1s?15,—1s2s3S; at 3.9944 A. The Bragg angles for the ments of line ratios are accurate.

linesw andz are 53.5° and 54.4°, respectively, so that the = The spectrometer chamber is evacuated by a roughing
spectrum of main interest is included in a narrow range ofoump to a pressure of 0.1 Torr in order to reduce the attenu-
Bragg angles of 1°. The detector, which has a sensitive volation of the 3 keV photons in air. The chamber is separated
ume of 180 mm (widthX 90 mm (height)  from the NSX vacuum vessel by a 0.025-mme-thick beryllium
X 12 mm (depth), was positioned at a distance of 3015 mnwindow, which is mounted between the crystal and a gate
from the crystal, so that the resonance limewhich is used valve to NSTX, and it is therefore not subject to the high-
for Doppler measurements of the ion temperature, is focusedacuum requirements that apply to NSTX. The vacuum
at the center of the detector. Since the detector has a depth bbundary on the detector side is a thin mylar foil, which was
12 mm, it was not placed tangentially to the Rowland circleintroduced to protect the 18090 mn? large and 0.1-mm-
but perpendicular to the central ray for the mean Bragg angléhick beryllium entrance window of the detector, since the
0=54° in order to avoid a deterioration of the spectral resowindow was not designed to withstand a pressure difference
lution for the linew by parallax. The distance between the of 1 atm. Between mylar foil and detector window is pres-
lines w and z on the detector is 47 mm and the lizeis  ently a 25-mm-deep air gap. The total transmission for 3 keV
therefore slightly out of focus. Since the NSTX center stackphotons of the beryllium and mylar foils, the foil support
has a diameter of only 381 mm, special care was taken tetructures, and the air gap is 15%. The mylar foil and air gap
assure thaall the lines of sight, which contribute to a spec- will be eliminated in the upgraded version of the spectrom-
tral line, end at the center stack. For instance, the separatiater, since the entrance window of the new 2D detector will
at the center stack between the central lines of sight and thelso serve as the vacuum boundary; the transmission and
outermost lines of sight for the lines andz is 120 and 270 throughput will therefore be increased by a factor of 4. The
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FIG. 2. (Color) NSTX wave forms and raw spectral data for the rf heated discharge 105830. Of particular interest is the spectrum during the time interval
from 220 to 230 ms, which is produced by charge-exchange recombination of ArXVIIl with the energetic deuterium atoms from the neutral beam.

detector is operated with a mixture of 90% krypton and 10%perature. Since the instrumental correction is presently com-
CO,, which has a detection efficiency of 99% for 3 keV parable with the ion temperature of ohmically heated plas-
photons. mas, we intend to improve the spectral resolution for the

Argon is introduced into NSTX by a single gas puff at upgraded version of the spectrometer by a factor of 2. This
—0.5 s prior to a discharge for a duration of 10 ms. Thewill be achieved by using a more perfectly bent spherical
argon puff causes a small pressure blip of 10" 7 Torrona  crystaf and a detector with a better spatial resolution of
fast ion gauge and does not perturb the plasma. For disabout 0.2 mm. An improvement of the spectral resolution by
charges with auxiliary rf heating, where the electron tem-a factor of 2 will reduce the ion temperature correction by a
perature is raised above 1 keV, it is possible to obtain spectriactor of 4.
with small statistical errors with a time resolution of 10 ms.

An in situ calibration can l:_)e performed. by mounting an Il EXPERIMENTAL RESULTS
x-ray tube to the crystal housing and rotating the crystal by
an angle of 72°, see Fig. 1, so that the photons, which ema- The main diagnostic applications of the x-ray spectros-
nate from the x-ray tube, are reflected by the crystal undecopy at NSTX are nonperturbing ion temperature measure-
the Bragg angle of interest @ =54°. A 0.2-mm-wide slit, ments in the absence of a neutral beam from discharges with
which corresponds to half the spatial resolution of the detecpure ohmic heating and discharges with auxiliary rf heating.
tor, is mounted in front of the x-ray tube. The slit and x-ray In this section, we discuss only data from such discharges.
tube are rigidly connected and can be moved together rela- Figure 2 shows the wave forms of the plasma current,
tive to the crystal. This movement is facilitated by bellowshard x-ray intensity, total rf power, and total neutral-beam
mounted in crystal-detector arm. The calibration measurepower from a NSTX dischargéshot: 10583pD with high-
ments are performed with use of the bremsstrahlung corharmonic-fast wavérf) heating of 2.6 MW, and spectra of
tinuum from the x-ray tube. As the slit approaches a positionArXVII, which have been obtained with a time resolution of
on the Rowland circle, both the energy band of the BragdlO ms. The plasma current reaches a flattop of 800 kA after
reflected radiation and the image of the slit on the detectot20 ms. A neutral beam of 1.5 MW was injected during the
become narrower. The minimum width, which is a measureshort time interval from 220 to 240 ms for diagnostic pur-
for the instrumental resolution, is obtained, when the slit isposes to facilitate a measurement of the ion temperature pro-
on the Rowland circle. The image of the slit obtained undeffile by charge-exchange recombination spectroscopy
this condition could be well approximated by a GaussianCHERS. Correlated with the injection of the neutral beam
with a full width at half maximum of 1.1 mm, which corre- is a burst of hard x rays. Argon was injected for 10 ms at 0.5
sponds to a spectral resolution afAN=3800. For the s prior to the discharge. The first spectrum of ArXVIl is
evaluation of Doppler measurements we assume that the obbserved during the time interval from 110 to 120 ms at the
served line profiles are convoluted with a Gaussian instruenset of the rf heating, which leads to a rapid increase of the
mental function of an effective ion temperature of 500 eV,electron temperature. During the rising phase of the plasma
which is subtracted from the measuradparention tem-  current the electron temperature is too low to produce
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FIG. 3. Time history of the ion temperature from Doppler broadening mea-

surements of the ArXVII resonance live FIG. 4. Time history of the electron temperatures obtained from the

satellite-to-resonance line ratios and Thomson scattering measurements.

helium-like argon. The observed x-ray spectra include the
helium-like lines w, x: 1s2!S,—-1s2p3P,, y:  from the x-ray crystal spectromet€xCS). We note that the
1s215,—1s2p 3P;, andz, and the associated lithium-like ion temperature value from the XCS for the time interval
satellites, which are due to transitions of the type:from 220 to 230 ms was derived from the lin@and not from
1s?nl-1s21'nl". A detailed description of these lines is the linew, sincez was stronger thaw (see Fig. 2 During
given in Refs. 7-9. the time interval from 230 to 240 ms, the intensity of the
The spectrum observed during the time interval of theargon spectrum was too low for a reliable ion temperature
neutral-beam injection from 220 to 230 ms is of particularmeasurement.
interest, since it consists ohly the helium-like linesw, x, v, It is not known whether the decrease of the ion tempera-
andz. The lithium-like, dielectronic and inner-shell excited, ture to a minimum value of 500 eV was caused by the injec-
satellites are absent. The strong enhancement of the heliurtion of the neutral beam or the MHD event. But it is evident
like lines is ascribed to charge-exchange recombination ofrom our experimental data that a neutral beam, even if it is
hydrogen-like argon, ArXVIll, with deuterium atoms from injected for only a short time, causes a significant change of
the neutral beam. This process leads to a population ofgshe 2the ionization equilibrium. CHERS can therefore not be con-
and 2o levels in ArXVIl, which are the upper levels for the sidered as a nonperturbing ion temperature diagnostic for
helium-like transitionsw, X, y, and z. This line excitation plasmas with pure ohmic heating or additional rf heating. We
process can be directly observed due to the fact that thalso note that CHERS provides an ion temperature profile
neutral beam intersects the sightlines of our spectrometeasnly for the predetermined time of the neutral beam injec-
(see Fig. 1 A detailed comparison of the experimental datation, so that it may miss interesting dynamic developments
with theoretical predictions for neutral-charge exchange reduring a plasma discharge, whereas the XCS—in its present
combination will be presented in a separate pab@o our  configuration—provides a complete time history of then-
knowledge, these data represent the first observation dfal ion temperature.
charge-exchange recombination of ArXVIII with energetic Electron temperature measurements from the ratios of
deuterium atoms from a neutral beam. Charge-exchange rése lithium-like dielectronic satellites,stnl—1s21'nl, and
combination of ArXVIII with intrinsic neutral hydrogen was the resonance line, have been performed for electron tem-
observed previously by Ricet al'*? peratures up to 2 kel? Figure 4 shows these results for the
Figure 3 shows the ion temperature results as a functioNSTX discharge 105830 as a function of time and, for com-
of time. These results were obtained from a Voigt-function fitparison, the data for the peak electron temperature from Th-
to the resonance ling and include a correction of 500 eV omson scattering. The time histories of the electron and ion
for the instrumental width. The ion temperature is constantemperatures are quite similar. The peak electron temperature
during the first part of the rf pulse but increases rapidly fromassumes a maximum of 3.8 keV at 210 ms and a minimum of
0.8 to 2.0 keV during the time interval from 0.17 to 0.20 s.0.35 keV at 227 ms, the time of the neutral beam injection.
The subsequent decrease of the ion temperature from 2.0 uring the time intervals from 190 to 220 ms and from 220
about 1.4 keV during the time interval from 0.20 to 0.22 s isto 240 ms, it was not possible to obtain electron temperature
correlated with a magnetohydrodynami¢siHD) event.  values from the argon spectra. During the first time interval,
Note that the ion temperature assumed a minimum of 0.%he dielectronic satellites were too weak due to the fact that
keV during the time of the neutral-beam injection from 220the electron temperature was well above 2 keV and during
to 230 ms. During this time interval an independent measurethe second time interval, the dielectronic satellites were en-
ment of the ion temperature profile was obtained from theirely absent due to a change of the ionization equilibrium by
CHERS diagnostic with a peak value of 0.5 keV, which is inneutral charge-exchange recombination with the injected
good agreement with the ion temperature value obtainedeuterium atoms.
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[ L L L L RN R L IR BN the data analysis process by binning the two-dimensional
] spectral data according to the statistical requirements.
S —— O Te0)=24 keV

12 N\S\S\K s Te®)=125keV 1 The x-ray imaging crystal spectrometer will first be

o Te(0)=0.85 keV ] equipped with a 2D position-sensitive multi-wire propor-
L “\E\E N tional counter. This detector can be manufactured in the ap-
X\e . propriate size (10cixi30cm) based on proven
- i technology** Multiwire proportional counters have a high
“&g%& detection efficiency and a high signal-to-noise ratio, but the
= : count rate is limited to a few hundred kilohertz, so that they
45\&\&5\&\&% - ] cannot be the final solution. It will, in fact, be necessary to
C % K ] develop new types of large area detectors with a count rate
s P - capability of several megahertz. New Gas Electron Multipli-

M D\S‘\E; cation(GEM) detector may satisfy these requirements. These
P L N Gl i - S S I oA v SO new detectors are presently develoPeand may be avail-

0 0 Plasmaffadm (em) » “ able in 2004 The data obtained with a 2D multiwire propor-
tional counter will provide guidance for this detector devel-

FIG. 5. Vertical emissivity profiles for the resonance lwefor different opment.
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